In this paper, seven methods are described to perform remote object translations with a six degree-of-freedom input device in an immersive virtual environment. By manipulating objects remotely, a number of disadvantages of the real-world 'direct grab and drag' metaphor can be avoided. The different methods are evaluated with a pilot user experiment. From the results of the experiment, some initial recommendations are formulated on the use of the methods for different manipulation tasks.
Introduction
Virtual reality systems are designed to provide the effect of immersion in an interactive three-dimensional computer-generated environment [2] . Virtual environments in potential can provide more intuitive methods for viewing and user interaction. A wide variety of 3D graphics applications could benefit from these methods. However, whereas the viewing aspect of virtual environments is well understood, user input is still a current research issue.
User input in virtual environments is usually performed with multiple degree-offreedom input devices. A survey of various research results in this area of spatial input was composed by Hinckley et al. [5] . More recent results on methods for 3D object manipulation with multiple degree-of-freedom input devices are for instance given by Zhai et al. [12] who report on human performance in six degree-of-freedom input, Cutler et al. [4] who report on two handed interaction, and Bowman et al. [1] who evaluated different techniques for grabbing and manipulating remote objects. Most of these methods however, are designed to incorporate multiple types of transformations, primarily combined rotation and translation.
In this paper, we describe seven different methods for object translations only, and present the results of a pilot user experiment conducted to evaluate the methods on the aspects of speed, accuracy, and user friendliness. Although we have focussed on the use of these methods in a CAVE [3] equipped with the hand-held six degree-offreedom input device (the wand), the results are applicable to other immersive virtual environments with different input and display devices as well.
Why Remote?
As the CAVE is an immersive environment, an obvious manipulation scheme is the real-world metaphor: direct grab and drag. Here, the user moves his hand with the wand to the position of the object and 'grabs' the object by pushing a wand button. The user then drags the object to a new position as if he holds the object in his hand. This approach is both simple and intuitive. However, it does have four major disadvantages.
First of all, when the physical hand is moved onto the object, the hand and arm of the user are brought into the area onto which the user's view is focused. In the CAVE, this causes a disturbance of the correct view of the scene: objects that are (virtually) located in between the user's eyes and hand are no longer viewed correctly. As a result, the user has great difficulty determining whether his hand is at the same position as the object to be picked. Once the object is picked, exact positioning of the object becomes difficult for the same reason. A similar (albeit reverse) violation of the occlusion cue was reported by Schmandt [8] as a major factor for incorrect depth judgements.
The second disadvantage is that the device that tracks the wand's position must be very accurate. Small discrepancies between the physical and virtual position of the wand become very visible and disturbing as the user is directly watching the wand and the object and expects an absolute correspondence between the positions of the two. Such distortions become less of a problem when relative positioning can be used [10] , e.g., when the wand and object are not at the same location and there is an indirect connection between the object and the user's hand.
The third disadvantage is that the user can only manipulate those objects that are within reach. The user's arms are of limited length, and the CAVE has only a limited space in which the user can maneuver, whereas the virtual world in principle can be infinitely large. To manipulate objects that are not within reach, or to position objects to locations that are out of reach, the user has to perform a navigation action to move himself through the virtual world. Bowman et al. [1] state that navigation is desirable, as it allows different visual perspectives, but it should not be required.
Finally, as also reported by Bowman et al. [1] , a direct 'real-world' grab and drag is cumbersome for the manipulation of large objects. Frequent navigation is required as such objects occlude the user's view if they are within reach of the user's arm, thereby preventing the user from obtaining a proper perception of the current position of the object in the scene.
All of these disadvantages to a great extent are directly related to the real-world manipulation metaphor and can be avoided by the use of techniques for remote object translations, where the objects are not required to be within reach of the user.
Translation Methods
Before an object can be translated remotely it has to be picked. Bowman et al. [1] report that ray casting is a good method for distant object picking. With ray casting, the wand emits a visible ray. The user can point the ray such that it passes through an object. Pressing the left wand button picks the object hit by the ray (if the ray passes through multiple objects, the object closest to the user is picked). The object can now be manipulated. Releasing the wand button releases the object which then stays at its current position, i.e., the button serves as a clutch.
We have evaluated seven different methods for remote object translations. The methods can be classified into different categories according to two important characteristics: Which degrees of freedom of the wand are used to perform the object translations, and the mapping scheme from the wand motions to the actual object translations. For the first characteristic, a distinction is made between methods that are related to (changes in) the wand position, orientation, or a combination of both. For the second characteristic a distinction is made between methods that use object position control, object velocity control, or a combination. Table 1 : Classification of the manipulation methods according to their characteristics on degree of freedom dependency (horizontal) and object motion control (vertical).
A short description of each of the methods that were implemented is now given. Each method is also illustrated in a figure. This figure depicts how an example translation can be performed with the particular method. A sphere is to be translated from a start position to a goal position. The example translation is shown in figure 1 at the instant the sphere is picked for translation. 
Position Control
Three different methods were investigated that use position control as the mapping function from the wand's movements to the objects translations. The first method is solely based on the position (changes) of the wand, whereas the other two methods incorporate both the wand's position and orientation parameters.
Slave This method is based on a direct, one-to-one position mapping between the wand and the object: each translational movement of the wand is also applied to the object. This method is referred to as the 'Slave' method as the relation between the wand and the object can be seen as a master-slave relation: the object follows the exact (translational) movements of the wand. A disadvantage of this method is that the amount of translation is bounded by the reach of the user's arm. For larger translations, the concept of ratchetting has to be used, i.e., a series of grabtranslate-release actions. The Slave method is illustrated in figure 2. Stick In this method the object is connected to the ray emitted by the wand upon the grab action. Then, each translational and rotational movement of the wand is also applied to the object, i.e., the wand is used as a pointer stick to position the object. Therefore this method is referred to as the 'Stick' method. Again, ratchetting has to be used for large translations, although in this case only for large object translations towards or away from the user. The Stick method is illustrated in figure 3 . 
3D Crosshair
This method is based on a crosshair cursor method that has been employed successfully in 3D graphics applications for desk-top computers where 3D positioning is performed with a conventional 2D mouse [7] . Here, a 3D crosshair cursor is projected on the 2D screen. The user can translate the crosshair by dragging the 2D mouse pointer along one of the projected axes of the 3D crosshair. The same scheme is employed in the CAVE version of this method: when the object is picked, a 3D crosshair cursor appears at the intersection point of the ray and the object. The user can now translate the object by dragging the ray of the wand along one of the crosshair axes. In this method, no ratchetting is needed to perform large object translations. However, disadvantages are that only translations along the crosshair's axes can be performed, and no translations can be performed along axes of the crosshair that are parallel to the wand's ray. The Crosshair method is illustrated in figure 4 . Figure 4 : The Crosshair method. The crosshair (and the sphere) is moved by pointing the wand ray along one of the axes of the crosshair.
Velocity Control
Two methods were investigated that are based on velocity control. The first method is based solely upon the wand's position, while the other method is solely based on the wand's orientation.
Fly This method maps the change in position of the wand to a direction and velocity of a motion that is applied to the object. The position of the wand at the instant the object is picked is considered the rest position. When the wand is moved to a different position, the difference vector from this new position to the rest position indicates the direction of translation. The velocity of the object is derived from the length of the difference vector: the longer the vector, the faster the object moves. Below a certain threshold length no motion is applied to the object. To halt the object, the wand is brought back to the rest position. This method is referred to as the 'Fly' method as the user is in control of what can be regarded as the object's flight. The Fly method is illustrated in figure 5 .
Throttle This method is based on the orientation of the wand. The user indicates the direction of the motion by pointing the wand (ray). To control the velocity of the object, a motorcycle throttle grip metaphor is used: by rotating the wand about the direction of the motion (i.e., the roll of the wand) the velocity of the motion is indicated. A counter clockwise rotation implies a forward motion along the indicated direction, a clockwise rotation a backward motion. In both directions, a threshold value on the amount of rotation applies below which no translations are performed. To halt the object, the wand is rotated back to the rest orientation. This method is referred to as the 'Throttle' method. It is illustrated in figure 6 . To stop the sphere the wand is rotated back to its rest orientation.
Hybrid Control
Previous research results have shown that object positioning with velocity control is often less precise than with position control (e.g., [11, 6] ). Therefore, two hybrid methods were created that use both velocity and position control. The intention of these methods is to combine the benefits of velocity control (facile large object translations) with the possibly more precise object positioning obtained with position control.
Slave & Fly
In the Fly method, there is a spherical volume around the wand's rest position where no motions are applied to the object. The radius of this sphere equals the threshold value used for the derivation of the velocity from the length of the difference vector between the current wand position and the rest position. In this hybrid method, wand motions inside the sphere are directly coupled to the object position, i.e., the Slave method is used inside the sphere. The Slave & Fly method is illustrated in figure 7 .
Stick & Throttle
The second hybrid method is a mix of the Stick and Throttle methods. Actually, it is the same as the Stick method, only now the throttle metaphor has been added for translations along the stick, i.e., the object can be moved towards and away from the user by rotating the wand about the roll axis. In [1] such control over the distance from the object to the user is referred to as a fishing reel metaphor. The Stick & Throttle method is illustrated in figure 8 . 
Evaluation

Experiments
To test the manipulation methods on their usability, a small pilot experiment was conducted. Four test subjects were asked to complete a number of object translation tasks. Each of these subjects was familiar with the CAVE, but none had previously used any of the object manipulation techniques. While standing in a square virtual work space of equal size as the physical CAVE, a sphere was to be translated from a start position onto a goal position inside a bounding box. The sphere was constrained to stay inside the workspace. To provide additional feedback on the 3D position of the objects, orthogonal shadow projections were depicted on each of the side planes of the working space (i.e. the walls of the CAVE). First, the different methods were explained to the test subjects and they were given a practice session to get familiar with the methods. Then, for each method a session of eight diffrent translation tasks had to be completed. The subjects were asked to bring the sphere from its start position to the goal position.
The experiments were conducted to evaluate the manipulation methods on three criteria: accuracy, speed, and user friendliness. To be able to determine the accuracy and speed of a method, all movements of the sphere invoked by the test subjects were logged to file. In the analysis, the first trial position performed with each method was discarded. User friendliness is a subjective merit. It was evaluated by having the test subjects fill out a small questionnaire about the different methods, and by making observations of the subjects while performing the manipulation tasks.
Results
The number of subjects and the sample size is small. Therefore, a full statistical analysis is not appropriate. The tests are primarily intended as a pilot study to obtain indications on the usability of the techniques and to evaluate the current implementations and parameter settings of the techniques. The experiences obtained from these experiments can be used for the design and conduction of a more formal and extensive usability analysis. Nevertheless, several interesting observations can be made. Figure 9 shows box and whisker plots [9] of the task completion times per method and per subject. The figure shows great variety among the different methods. From this figure, a ranking can be obtained where the Stick method is ranked best, followed by the Stick & Throttle method, the Slave, Slave & Fly, and Fly methods, and finally the Throttle and Crosshair methods. The Throttle and Crosshair methods perform really bad, and reveal some unacceptable outside and far outside measurements. Figure 9 also shows some variety among the subjects. If a ranking was to be made, subject 2 would score best, followed by subjects 3 and 1, and finally subject 4. Each of the subject plots reveal some outside or far outside scores. All of these scores were obtained with either the Throttle method or the Crosshair method.
To investigate the methods more thoroughly on the two aspects of speed and accuracy, the completion time was split in two components. The first is the time it took for the subjects to bring the sphere into the vicinity of the box, i.e. the point in time where the center of the sphere was located inside the box for the first time. This component can be regarded as a measurement for manipulation speed, i.e. how rapidly can the sphere be brought into the vicinity of the box with only limited accuracy. The second component is the time it took for the subjects to bring the sphere from that 'vicinity position' to the final position. This can be regarded as a measurement for accuracy, i.e. how easily can the final adjustments be made to accurately position the sphere inside the box. Besides looking at the final completion time of the trials as a measure for accuracy, the final distance of the sphere to the ideal end position was also considered.
Discussion
From the pilot user experiments it could be concluded that the Stick method performs best overall. The subjects perceived it as easy to use, intuitive, and not fatiguing. Furthermore, the obtained measurements indicated that the Stick method performs well for both fast and precise object placement. However, the object translation tasks as they were performed during these experiments did not require the sphere to be translated over large distances towards or away from the subjects. If a manipulation method is required to perform such large scale object translations, the Stick & Throttle method would be a better choice as far as fast object translations are concerned. However, precise object placement performance with the Stick & Throttle method might degrade as the object is located far away from the subject. In such a case, even small wand movements will result in large object translations. The Slave & Fly method might be a better choice in such a case. Further and more extensive experiments are needed to be conclusive about this. One thing was clear though: the Throttle and Crosshair methods performed by far the worst, and are not likely to be useful to perform object translations in a virtual environment.
Conclusion
User input is an underdeveloped aspect of the use of virtual environments. In particular, spatial input techniques for 3D object manipulations with the use of multiple degreeof-freedom devices is still a current research issue. We have evaluated seven different methods for remote object translations in immersive environments. The results of the pilot user experiments showed a wide variety among the different methods, and some initial recommendations could be formulated on the use of the methods for different tasks. We plan to perform more extensive user experiments to be conclusive about these recommendations.
